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ESTIMATING THE TOTAL LUBRICANT OIL  
CONSUMPTION RATE IN AGRICULTURAL TRACTORS 
A. Calcante,  M. Brambilla,  C. Bisaglia,  R. Oberti 
ABSTRACT. Lubrication effectiveness is of paramount importance for the durability of machine components and efficient 
transmission of power. In addition to reducing the wear and friction of moving parts, lubricants remove potentially damag-
ing heat and impurities and reduce the oxidation and corrosion of components. In agricultural tractors, lubricant oils are 
used in the engine, transmission, hydraulic system, front and rear axles, steering, and braking systems. This means that a 
substantial amount of oil must be changed at regular intervals, as recommended by manufacturers. This leads to a signifi-
cant total oil consumption rate whose estimation is related to accurate accounting of tractor operating costs and to envi-
ronmental impact analysis (e.g., LCA) of mechanized agricultural operations. The objective of this study was to propose a 
new general equation to estimate the total hourly lubricant oil consumption rate (HTOC) of agricultural tractors as a 
function of the rated engine power by extending the definition of lubricant oil consumption rate given by ASABE Standard 
D497.7. To this end, a linear regression analysis was conducted on a training dataset of 91 tractor models retrieved from 
OECD Code 2 reports. After validation with a dataset of 164 tractor models, the resulting equation for estimating the total 
lubricant oil consumption had an R2 = 0.75 and prediction RMSE of 0.033 kg h-1. The equation was finally applied to an 
independent dataset of actual oil lubricant consumption rates obtained from a field survey of 118 agricultural tractors 
operating in northern Italy. Application of the equation to the field survey data showed an R2 of 0.89 and RMSE of 0.010 kg 
h-1 between predicted and actual values. Overall, the considered statistical indicators (r, R2, RMSE, PBIAS, and NSE) 
pointed to a satisfactory prediction capability of the equation. 
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gricultural tractors are constantly improving their 
efficiency, cost-effectiveness, and operating per-
formance, resulting in higher working speeds, 
wider versatility in coupling with machinery, and 
a better fit to a broad variability of operating conditions. To 
guarantee the efficiency and durability of such increasingly 
versatile and complex machines, regular maintenance of the 
lubrication system is vital. By limiting direct contact be-
tween the moving parts of machines, lubricant oils accom-
plish fundamental protective tasks: they reduce wear and 
friction between moving parts, reduce heat, remove the im-
purities caused by wear, and preserve metal surfaces from 
oxidation and corrosion by external agents (Booser, 1997). 
In agricultural tractors, lubricant oils are used for the en-
gine, transmission, front and rear axles, hydraulic system, 
steering system, and brakes. In addition to oil for lubrication, 
the hydraulic system transmits power in the flow of pressur-
ized oil to implements through hydraulic couplings, in addi-
tion to the mechanical tractor power supplied through the 
drawbar hitch and PTO shaft (Wertz et al., 1990; Bart et al. 
2013). Lubricant oil also plays a key role in the latest gener-
ation of tractor transmissions, both in power-shift systems, 
where precise timing of the clutch operation is needed, and 
in continuously variable transmissions, where the main com-
ponents are hydraulically driven (Kunz, 2006; Molari et al., 
2008). 
All this has led agricultural equipment manufacturers to 
pay more attention, on one hand, to new solutions enabling 
the optimization of lubrication and, on the other hand, to im-
provements in lubricant qualities, making lubricants comply 
with the increasing requirements of agricultural machines. 
It is well known that lubricant oils, even in the most im-
proved formulations, are subject to degradation due to a trac-
tor’s working hours and engine load, no matter the effective-
ness of the filter technology. This degradation causes decay 
of the oil viscosity, accumulation of foreign impurities, i.e., 
carbon, water, oxides, and metal particles (Goering, 1992; 
Bart et al., 2013), and reduction of the detergent capability. 
Whatever the case, the oil must be changed periodically. 
Typically, tractor engine oil is changed at intervals of 500 to 
600 h of work (or every year), while the transmission oil is 
changed at intervals of 1200 to 1500 h. Manufacturers’ rec-
ommended oil change intervals must be carefully observed, 
and crankcases must be refilled when necessary (Goering, 
1992). 
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As an illustrative example, a 4WD tractor with a rated en-
gine power of 100 kW requires a total amount of lubricant 
oil of more than 100 L (about 15 L for the engine, 80 L for 
the transmission and hydraulic system, and 10 L for the front 
and rear axles and steering system). Given such large 
amounts, it follows that the ability to estimate the total oil 
consumption rate during tractor operation would provide an 
important technical and economic parameter. 
The effect of total oil consumption on a tractor’s unitary 
operating costs (i.e., per hectare) can be directly estimated 
with the following equation (Srivastava et al., 2006; Cal-
cante et al., 2017): 
 
HTOCL
SL
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p  C  
c
  (1) 
where 
CSL = oil cost per hectare ($ ha-1) 
pL = price of oil ($ kg-1) 
HTOC = hourly total oil consumption rate (kg h-1) 
ca = actual field capacity during operation (ha h-1). 
The most common equation for evaluating the oil con-
sumption of tractors is defined by ASABE Standard D497.7, 
paragraph 3.4 (ASABE, 2015a). This equation establishes a 
linear model only for engine oil and estimates the volumetric 
oil consumption rate as a function of a diesel tractor’s rated 
engine power: 
 0 00059 0 02169LEngQ  . P  .    (2) 
where 
QLEng = volumetric engine oil consumption rate (L h-1) 
P = rated engine power (kW). 
The volumetric engine oil consumption rate (QLEng) is de-
fined as the volume per hour of engine crankcase oil replaced 
at the manufacturer’s recommended change interval 
(ASABE, 2015a). 
When lubricant oil consumption and related operating 
costs are estimated with equation 2 (i.e., assuming HTOC = 
oilQLEng, where oil is the density of the lubricant oil), a sig-
nificant underestimation will occur because equation 2 was 
developed to account only for engine oil. An alternative 
method to calculate the hourly cost of engine oil is proposed 
by ASABE Standard EP496.3, paragraph 6.3.3 (ASABE, 
2015b), which states that the total engine lubrication cost ap-
proaches 15% of the total fuel cost. 
Given its fossil origin, mineral lubricant oil consumption 
is also evaluated with environmental impact methods. Life 
cycle assessment (LCA) is one of the most widely used 
methods to estimate the overall environmental impact asso-
ciated with the use of a product during all stages of its life. 
When applied to agricultural production systems, LCA in-
cludes agricultural machines by taking account of the con-
sumption of materials and energy and the direct emissions 
resulting from their use (Lovarelli et al., 2016). For the lub-
ricant oil consumption by agricultural vehicles during their 
lifetime, the LCA approach refers to the values estimated by 
Ammann and Stadler (1998), who established an average en-
gine oil consumption rate of 0.041 kg h-1 and an average hy-
draulic/transmission oil consumption rate of 0.044 kg h-1 
from a ten-year survey of 46 tractors operating in Switzer-
land. 
By adding these two consumption rates and assuming a 
tractor working life of 7000 h, Nemecek and Kägi (2007) 
estimated an expected total (i.e., lifetime) lubricant oil con-
sumption of 598 kg. In LCA inventories, this estimated life-
time oil consumption is typically referred to a unit machine 
mass. By considering an average tractor mass of 3000 kg, 
Nemecek and Kägi (2007) extrapolated a raw value of 0.199 
kgoil kgtractor-1, which is the current reference value suggested 
by LCA inventories (Nemecek and Kägi, 2007). 
In this framework, the objective of this study is to propose 
and validate a new general equation to estimate the overall 
lubricant oil consumption in agricultural tractors. To do this, 
ASABE Standard D497.7 (ASABE, 2015a) was taken as a 
reference, and its approach was extended to all lubricant oils 
used in agricultural tractors. Specifically, the proposed equa-
tion allows computation of the hourly total oil consumption 
rate (HTOC) as a function of the tractor’s rated engine 
power. The obtained results are intended to contribute to a 
more accurate accounting of lubricant oil consumption, both 
in mechanization cost computation and in environmental im-
pact analysis of agricultural operations conducted by means 
of LCA or other similar methods. 
MATERIALS AND METHODS 
This study was conducted in two phases. The first phase 
consisted of calibrating and validating an equation to esti-
mate the overall lubricant oil consumption in agricultural 
tractors. The data used for this phase were retrieved from of-
ficial technical reports. The second phase was a field appli-
cation of the model using the actual oil lubricant consump-
tion rates obtained from a survey of agricultural tractors cur-
rently operating in northern Italy. 
CALIBRATION DATASET PREPARATION 
A set of 255 agricultural tractor models (2WD, 4WD, and 
crawlers) from 22 different international manufacturers was 
selected to formulate an equation estimating the total oil con-
sumption in tractors. The considered tractor models: 
(1) were of recent design (i.e., they were introduced on the 
market between 2000 and 2016), (2) covered a wide range 
of power (from 30 to 375 kW rated engine power), and 
(3) were equipped with different types of transmission (i.e., 
mechanical, partial or full power-shift, and continuously var-
iable transmission). 
The set of tractors was arbitrarily divided into four classes 
(labeled A, B, C and D) of rated engine power: class A (low 
power, 30 to 60 kW) included 60 tractors with an average 
engine displacement of 3.46 L, class B (medium power, 60 
to 120 kW) included 103 tractors with an average engine dis-
placement of 5.26 L, class C (high power, 120 to 200 kW) 
included 49 tractors with an average engine displacement of 
7.22 L, and class D (very high power, >200 kW) included 
43 tractors with an average engine displacement of 10.68 L. 
In ASABE Standard D497.7, paragraph 3.4 (ASABE, 
2015a), the engine oil consumption rate is defined as the vol-
ume per hour of engine oil in the crankcase replaced at the 
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manufacturer’s recommended change interval. By extending 
this definition, the oil consumption rates for the gearbox, 
rear and front axles and final drives, and hydraulic and steer-
ing systems were similarly considered in this study. These 
values were hence computed as the volume of oil (L) in the 
specific subsystem crankcase and the associated oil change 
interval (h) recommended by the manufacturer. 
In the first phase of this study, all data were retrieved 
from official reports of tests conducted in accordance with 
OECD Code 2 (OECD, 2017) for agricultural tractors. Fol-
lowing the ASABE approach, the hourly total oil consump-
tion rate (HTOC, kg h-1) for a generic tractor was obtained 
as: 
 
ELO GLO HSOHTOC = + +
ELOCI GLOCI HSOCI
RAFDO FAFDO SO+ + +
RAFDOCI FAFDOCI SOCI
oil
 

 (3) 
where 
oil = 0.88 kg L-1 (Bart et al., 2013) 
ELO = engine lubricating oil amount (L) 
ELOCI = engine lubricating oil change interval (h) 
GLO = gearbox oil amount (L) 
GLOCI = gearbox oil change interval (h) 
HSO = hydraulic system oil amount (L) 
HSOCI = hydraulic system oil change interval (h) 
RAFDO = rear axle and final drive oil amount (L) 
RAFDOCI = rear axle and final drive oil change interval 
(h) 
FAFDO = front axle and final drive oil amount (L) 
FAFDOCI = front axle and final drive oil change interval 
(h) 
SO = steering system oil amount (L) 
SOCI = steering system oil change interval (h). 
For every tractor, the computed HTOC value was associ-
ated with the corresponding rated engine power, and the re-
lationship was statistically analyzed. 
EQUATION CALIBRATION AND VALIDATION 
To define a linear equation to estimate the total lubricant 
oil consumption rate, the obtained dataset was split into two 
subsets: a training set for calibrating the equation coeffi-
cients by means of regression analysis, and a validation set 
to validate the equation by evaluating its prediction error. In 
accordance with commonly adopted approaches (e.g., Rawl-
ings et al., 2001; Hastie et al., 2008), the tractor data for the 
training set were randomly selected from tractors in the da-
taset that met the following three constraints: (1) the values 
of the modeled variables (HTOC and rated engine power) 
had to span the range observed in the complete dataset, 
(2) the distribution of the modeled values of HTOC and rated 
engine power had to comply with the normality condition 
required by linear regression analysis (Shapiro-Wilk test), 
and (3) the number of tractors in the training set had to be at 
least one-third of the total dataset. As a result, the values of 
HTOC and rated engine power of 91 tractors were selected 
as the training set for the equation, while the remaining 
164 tractors were included in the validation set. 
Linear regression analysis (LRA) between the rated en-
gine power (the estimator) and HTOC data was conducted 
on the training set by applying the LRA procedure of 
Minitab 17.0 (Minitab, 2010) to the following equation: 
 0HTOC   P   (4) 
where 
0 = intercept term of regression equation (kg h-1) 
 = regression equation slope coefficient (kg kW-1 h-1) 
P = rated engine power (kW). 
LRA enabled finding the values of coefficients 0 and  
that minimize the sum of the squared residuals computed for 
all 91 pairs of data in the training set. 
The prediction capability of equation 4 was validated by 
applying it to the data for the 164 tractors in the validation 
set. To this end, the oil consumption rate values predicted by 
equation 4 and the corresponding values retrieved from the 
OECD Code 2 reports were statistically analyzed. The quan-
titative results were evaluated with Pearson’s correlation co-
efficient (r), the coefficient of determination (R2), the root 
mean square error (RMSE), the percent bias of prediction 
(PBIAS), and the dimensionless Nash-Sutcliffe efficiency 
(NSE) (Moriasi et al., 2007). Ideally, the RMSE and PBIAS 
values are 0, and low values indicate an accurate prediction. 
NSE values range between -∞ and 1, and values between 0 
and 1 are generally considered an indication of satisfactory 
prediction. 
FIELD SURVEY APPLICATION 
As a real application for the equation determined above, 
a field survey was conducted to obtain an independent set of 
data representing 118 operating tractors (2WD, 4WD, and 
crawlers) in northern Italy with the aim of retrieving actual 
values of lubricant oil consumption observed in the field. 
The field data were obtained from three sources: (1) large 
farms, (2) contractor companies, and (3) dealership and au-
thorized workshop databases (Buckmaster, 2003; Calcante 
et al., 2013; Lips, 2013; Hawkins and Buckmaster, 2015). 
For the purposes of this study, these data were assumed to 
be reliable because they were all obtained from subjects who 
kept traceable machinery records as part of a broader man-
agement accounting system (Morris, 1988). 
All 118 tractors considered in the field survey were mod-
els introduced on the market between 2000 and 2016. Of 
them, 97 tractors (82%) corresponded to models not in-
cluded in the original dataset (i.e., the 255 OECD reports) 
used to determine the equation. Their average engine power 
was 131.3 kW (33.1 kW minimum, 301.5 kW maximum), 
and their average accumulated working hours were 8033 h 
(2378 h minimum, 23,550 h maximum). 
The actual hourly total oil consumption rate (HTOC, kg 
h-1) was calculated for each tractor by applying the following 
equation: 
 
TOCHTOC
HAccoil
       (5) 
where TOC is the accumulated lubricant oil quantity (from 
the first oil change until the last, including possible refilling) 
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observed at the time of the survey (L), and HAcc is the ac-
cumulated number of working hours shown on the engine 
hour meter and recorded at the time of the survey (h). 
The ability of equation 4 to estimate the actual HTOC val-
ues resulting from the field survey of the 118 operating trac-
tors was quantitatively evaluated by applying the same sta-
tistical indicators described in the preceding section on equa-
tion calibration and validation. 
RESULTS AND DISCUSSION 
DATASET DESCRIPTION 
For all 255 tractors used in the first phase of the study, 
data were available for rated engine power, engine displace-
ment, engine oil volume, and gearbox oil volume with their 
change intervals. Tables 1 and 2 summarize these data sub-
divided into the four power classes. As expected, the amount 
of oil dramatically increased with the rated engine power of 
the tractors. In contrast, the change interval of engine oil 
showed less variation (typically 400 to 600 h), except for 
low-power tractors, which have significantly shorter change 
intervals (typically 200 to 300 h). Gearbox oil had longer 
change intervals (typically 1000 to 1500 h), with shorter in-
tervals for low- and medium-power tractors (rated engine 
power from 30 to 120 kW) than for medium- and high-pow-
ered tractors (rated engine power > 120 kW). 
Other parameters (e.g., the amounts of hydraulic system 
oil, front and rear axle oil, and steering oil) were not always 
available as separate values due to the design characteristics 
of specific machines that share the oil for the hydraulic sys-
tem and gearbox from a common oil sump. Consequently, 
for this group of machines (226 tractors, i.e., about 88% of 
the dataset), it was only possible to extract a combined value 
of oil amount (i.e., GLO + HSO). Similarly, for 238 tractors 
(93% of the dataset), the rear axle and its final drives were 
lubricated by the gearbox oil, while the amount of lubricat-
ing oil for the front axle and its final drives was available 
only for the 217 4WD tractors (85% of the dataset). Table 2 
shows the values for the tractors for which these parameters 
were available separately. 
Overall, the dataset illustrates the significant influence of 
lubricated subsystems, other than the engine, in determining 
a tractor’s oil consumption. For example, in medium- and 
high-powered tractors (classes C and D in tables 1 and 2) the 
hydraulic system and gearbox oil each contributed at least 
1.5 times the engine oil contribution to the HTOC value. 
EQUATION CALIBRATION 
Table 3 describes the composition of the training set 
(91 tractors) used to obtain the linear equation between rated 
engine power and HTOC. Table 3 shows the homogenous 
distribution of the training samples among the power classes 
and highlights the overall increasing trend of lubricant oil 
consumption with engine power. 
Figure 1 shows the corresponding linear regression line 
for the training dataset. LRA identified the following linear 
equation to estimate the tractor’s hourly total oil consump-
tion as a function of rated engine power: 
 kg kgHTOC = 0 000556 0 04487
kW h h
. P .     
 (6) 
The coefficient of determination (R2) for the regression 
was 0.69. The standard error of the intercept (0) and slope 
() of the equation were 5.510-3 kg h-1 and 4.010-5 kg 
kW-1 h-1, respectively. These error values are less than 15% 
and 10% respectively, of the coefficients in equation 6, 
which provides a rough indication of the robustness of the 
equation. The coefficients in equation 6 can be compared to 
the coefficients in the equation from ASABE Standard 
D497.7 (ASABE, 2015a), i.e., equation 2, multiplied by the 
estimated oil density of 0.88 kg L-1. This comparison shows 
that the slope coefficient in equation 6 (0.000556 kg kW-1  
Table 1. Means  standard deviations for parameters common to all 255 considered tractors. 
Power 
Class N 
Power 
(kW) 
Engine 
Displacement 
(L) 
ELO 
(L) 
ELOCI 
(h) 
GLO 
(L) 
GLOCI 
(h) 
HTOC 
(kg h-1) 
A 60 48.2 7.5 3.46 0.67 9.0 2.3 294.2 131.8 40.7 12.4 1113.3 395.1 0.078 0.025 
B 103 86.5 15.7 5.26 1.26 13.4 4.4 445.9 138.7 32.8 17.4 1164.1 237.9 0.089 0.029 
C 49 158.4 23.1 7.22 1.02 21.4 3.7 473.5 80.6 111.6 41.6 1404.1 293.7 0.142 0.039 
D 43 264.0 43.6 10.68 2.38 32.7 11.3 480.8 84.8 155.4 82.4 1530.2 247.4 0.210 0.038 
Table 2. Means  standard deviations for parameters available 
separately for a subset of the 255 considered tractors. 
Power 
Class N 
RAFDO 
(L) 
RAFDOCI 
(h) 
A 5 6.72 8.0 1080 109.5 
B 5 7.09 5.8 1090 279.0 
C 2 26.5 16.3 1250 106.1 
D 5 26.0 10.8 1700 671.0 
  
HSO 
(L) 
HSOCI 
(h) 
A 0 - - 
B 3 61.3 10.0 1167 289.0 
C 8 89.5 15.9 1088 180.8 
D 18 174.4 69.7 1467 265.7 
  
SO 
(L) 
SOCI 
(h) 
A 24 2.30 0.9 925.0 377.9 
B 5 2.80 1.5 1040 329.0 
C 0 - - 
D 0 - - 
  
FAFDO 
(L) 
FAFDOCI 
(h) 
A 57 7.01 2.4 1082 229.9 
B 97 9.20 2.8 1134 181.9 
C 46 20.1 24.0 1187 357.4 
D 17 24.3 8.9 1182 389.3 
 
Table 3. Means  standard deviations of rated engine power and hourly 
total oil consumption rate (HTOC) of the training set of 91 tractors 
used for calibration of the equation. 
Power 
Class N 
Power 
(kW) 
HTOC 
(kg h-1) 
A 20 46.7 9.1 0.072 0.03 
B 35 87.3 16.7 0.090 0.03 
C 23 163.1 24.8 0.145 0.03 
D 13 245.3 30.2 0.172 0.02 
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h-1) is similar to (i.e., 1.07 times) the corresponding slope 
coefficient from equation 2 (0.000519 kg kW-1 h-1), and the 
intercept coefficient in equation 6 (0.04487 kg h-1) is larger 
than (i.e., 2.35 times) the corresponding intercept coefficient 
from equation 2 (0.0191 kg h-1). 
The obtained equation relies on easily accessible data and 
complies with the requirements of mathematical simplicity, 
meaning “simple to fit, simple to interpret, simple to justify, 
and simple to apply” (Montgomery et al., 2001; 
Schabenberger and Pierce, 2002). It is important to note the 
wide variability of the average HTOC values over the differ-
ent power classes of the tractors in the training set (last col-
umn in table 3). This behavior was obviously reflected in the 
prediction ability of the equation. In fact, in figure 2, the 95% 
prediction interval of the calibrated equation, i.e., the range 
of HTOC values in which 95% of new observations (new 
tractors) are expected to fall, was within 0.05 kg h-1 for all 
four power classes. This means that, for very high-power 
tractors, the expected uncertainty of prediction is about 
30% of the average HTOC value. For low-power tractors, 
this uncertainty is about 70% of the average HTOC value. 
EQUATION VALIDATION 
For validation of the model, equation 6 was applied to the 
164 tractors in the validation set. In figure 2, the actual 
HTOC data of the validation set are plotted as a function of 
rated engine power, together with the HTOC predicted with 
the calibrated equation. The data for tractors in the four 
power classes appear to fit well with the equation prediction, 
with a coefficient of determination (R2) of the measured and 
predicted HTOC values of 0.75. Figure 2 also shows the 95% 
prediction interval for values predicted by the equation. The 
plot shows 19 tractors (11.6% of the validation set) with 
HTOC values that substantially deviate from the behavior 
predicted by the equation and fall above the upper prediction 
limit. These data refer to tractors with specific technical 
characteristics, including eleven tractors equipped with hy-
draulic continuously variable transmissions (seven mid-
power tractors, i.e., rated engine power of 60 to 120 kW, and 
four high-power tractors, i.e., rated engine power of 120 to 
200 kW) and eight very high-power (rated engine power > 
200 kW) articulated tractors with particularly large engine 
displacement. 
Figure 3 plots the equation residuals (i.e., computed 
HTOC from OECD Code 2 reports  model-predicted 
HTOC) as a function of rated engine power. The plot high-
lights a uniform distribution of the residuals with no regular 
pattern, which indicates that the equation prediction is unbi-
ased. This was confirmed statistically with a Tukey test ap-
plied to the residuals obtained for the four power classes, 
which turned out to have no significant differences. 
During the validation, the correlation coefficient (r) be-
tween the HTOC computed from OECD Code 2 reports and 
the HTOC predicted by equation 6 was found to be 0.87, the 
RMSE achieved a value of 0.033 kg h-1, and the PBIAS was 
6.1%. This means that a good prediction was achieved, with 
an underestimation bias that can be ascribed to the fact that, 
particularly for tractors with the highest power (class D; 
fig. 2), the equation underestimated the HTOC of the valida-
tion set. The NSE value for this set of data was found to be 
0.7. 
FIELD SURVEY APPLICATION 
Evaluation of the model performance using the set of 
118 tractors (2WD, 4WD, and crawlers) in operation in 
northern Italy revealed a correlation coefficient (r) of 0.96, a 
coefficient of determination (R2) equal to 0.89, the RMSE 
was 0.010 kg h-1, and the PBIAS reached a value of -3%. 
Figure 4 shows that the predicted versus measured oil con-
sumption data were well placed along the 1:1 reference line. 
Figure 1. Total hourly oil consumption (HTOC) for 91 tractors (train-
ing set) from four power classes used to determine a linear regression
equation for estimating tractor total hourly oil consumption (HTOC)
as a function of rated engine power. Regression R2 = 0.69. 
 
Figure 2. Computed hourly total oil consumption (HTOC) from OECD
Code 2 reports as a function of rated engine power for 164 tractors in
the validation set and the corresponding equation output (bold line).
Upper and lower 95% prediction limits of predicted values are also
shown. R2 = 0.87 for fit of data to the prediction equation (eq. 6). 
Figure 3. Model residuals (HTOC computed from OECD Code 2 re-
ports  model-predicted HTOC) for 164 tractors in the validation set 
for different classes of rated engine power. 
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Of the computed statistical indexes, Pearson’s correlation 
coefficient (r) and the R2 value were high. The value of r was 
0.96, indicating the high degree to which the simulation re-
produced the trends in the observed data (Anderton et al., 
2002), and the R2 value was high as well, reaching 0.89. The 
PBIAS value was -3.0%, and this negative value indicates a 
slight overestimation bias of the actual HTOC values. Not-
withstanding that the optimal PBIAS value is 0.0, the low 
magnitude of the values resulting from both the equation and 
the field survey data indicate that the model simulation can 
be considered acceptable (Moriasi et al., 2007). The RMSE 
of the HTOC predicted by equation 6 for the 118 tractors in 
the field survey data was 0.010 kg h-1, which is 8.9% of the 
mean HTOC value for the whole validation set (0.112 kg  
h-1). The NSE value was 0.9. 
The significance of the results was confirmed by applica-
tion of the Mann-Whitney test (because the distribution of 
samples was not normal according to the Shapiro-Wilk test) 
on two independent populations (significance  = 0.05; p = 
0.284). Based on the results, it can be asserted that the dif-
ferences between the two populations (actual HTOC and 
predicted HTOC; fig. 4) are not significant, and equation 6 
is therefore capable of predicting the total oil consumption 
of an agricultural tractor as a function of its rated engine 
power with a high level of reliability. 
The field survey data showed a better correlation than the 
calibration dataset with the results predicted by equation 6. 
This is probably due to the limited number of tractors with 
hydraulic continuously variable transmissions included in 
the survey data and the absence of articulated tractors. This 
reflects the fact that these types of machines are not wide-
spread in the area considered by the survey, and therefore it 
was difficult to obtain field data for them. 
Finally, for illustrative purposes, we considered four sam-
ple tractors (not included in the field survey of 118 tractors) 
that represented the four classes of rated engine power and 
were introduced to the market in the last five years. Based 
on their actual oil consumption, we computed their actual 
HTOC values and compared the results with the values esti-
mated by our equation (eq. 6), by the ASABE equation 
(eq. 1), and by the LCA equation proposed by Ammann and 
Stadler (1998). Table 4 shows the results obtained with the 
three equations. The deviations of equation 6 were within 
10% for all four tractors. As expected, because the ASABE 
equation only considers the engine oil, it significantly under-
estimated the total oil consumption. In contrast, the LCA in-
ventories greatly overestimated (by almost 100%) the actual 
oil consumption, except for the low-power tractor. 
For the same four tractors, table 5 shows a comparison 
between the cost for lubricants obtained with ASABE Stand-
ard EP496.3, paragraph 6.3.3 (ASABE, 2015b) and the value 
obtained by multiplying the oil price by the hourly consump-
tion predicted with equation 6. Two different price scenarios 
for lubricant oil were considered: 5.3 USD kg-1 and 4.0 €  
kg-1 for the U.S. and Europe, respectively. Because the 
method proposed by ASABE Standard EP496.3 (ASABE, 
Figure 4. Scatterplot of predicted hourly total oil consumption (HTOC)
calculated with equation 6 versus HTOC values derived from a field 
survey of 118 tractors in northern Italy. Dashed line is 1:1 line. 
Table 4. Application of different equations for estimating the total oil consumption rate in four representative tractors. 
Tractor 
Power 
(kW) 
Tractor Mass 
(kg) 
Actual HTOC 
(kg h-1) 
Error from Actual HTOC (%)[a] 
Equation 6 ASABE Model[b] LCA Inventories[c] 
1 48 2714 0.075 -4.6% -41.3% +4.9% 
2 86 5190 0.085 +9.0% -25.0% +98.1% 
3 156 7350 0.134 -1.8% -25.3% +74.9% 
4 264 12190 0.208 -7.9% -24.9% +88.7% 
[a] Error = 100% (predicted HTOC – actual HTOC) / actual HTOC. 
[b] ASABE Standard D497.7 (ASABE, 2015a); equation considers only engine oil. 
[c] Based on equation derived from Ammann and Stadler (1998). 
 
Table 5. Comparison between lubricant costs estimated with equation 6 and with ASABE Standard EP496.3 for four representative tractors. 
Tractor 
Power 
(kW) 
Average 
Engine Load 
(% of power) 
Cost of Lubricant Oil 
(U.S. Scenario, $ h-1) 
 
Cost of Lubricant Oil 
(European Scenario, € h-1) 
Equation 6 ASABE Model[a] Equation 6 ASABE Model[a] 
1 48 30 0.38 0.55  0.28 0.73 
70 0.96  1.28 
2 86 30 0.49 0.98  0.37 1.31 
70 1.72  2.30 
3 156 30 0.70 1.78  0.52 2.37 
70 3.12  4.17 
4 264 30 1.02 3.01  0.76 4.01 
70 5.29  7.05 
[a] ASABE Standard EP496.3, paragraph 6.3.3 (ASABE, 2015b); equation considers only engine oil. 
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2015b) depends on tractor fuel consumption, we assumed 
two average engine loads: one representative of typical use 
in light operations (average load = 30% of rated power, par-
tial throttle multiplier = 0.75), and one representative of use 
in medium to heavy operations (average load = 70% of rated 
power, partial throttle multiplier = 0.90). The fuel consump-
tion was estimated by multiplying the corresponding engine 
power by the specific fuel consumption obtained with 
ASABE Standard D497.7, paragraph 3.3.3 (ASABE, 
2015a). The assumed diesel fuel price was 0.6 USD L-1 and 
0.8 € L-1 for the U.S. and Europe, respectively. 
The results show large deviations between the two ap-
proaches. In particular, the lubricant costs obtained with 
ASABE Standard EP496.3, paragraph 6.3.3 (ASABE, 
2015b) are significantly higher (about 1.5 to 9 times) than 
the costs calculated with equation 6, although the model in 
ASABE Standard EP496.3 only accounts for engine oil cost. 
CONCLUSIONS 
The objective of this study was to determine and validate 
a new general equation to estimate the hourly total oil con-
sumption rate (HTOC) of agricultural tractors. The HTOC 
value for a tractor was defined by extending the definition of 
engine oil consumption rate given by ASABE Standard 
D497.7, paragraph 3.4 (ASABE, 2015a). The obtained equa-
tion was first validated with a set of 164 observations com-
puted from OECD Code 2 reports and subsequently applied 
to a dataset of actual oil consumption rates measured in a 
field survey of 118 tractors currently operating in northern 
Italy. 
The resulting equation estimated the actual oil consump-
tion of the validation set with a coefficient of determination 
(R2) of 0.75, which increased to 0.89 when applied to the 
field survey data. Analysis of the predicted and actual oil 
consumption rates for a large dataset confirmed the statisti-
cal soundness (r, R2, RMSE, PBIAS, and NSE) of the pro-
posed equation. 
The prediction accuracy of the model equation was sig-
nificantly better with the field survey data than with the cal-
ibration dataset. This is probably because the field survey 
was conducted in a region characterized by a limited number 
of tractors with hydraulic continuously variable transmis-
sions and a scarcity of articulated tractors. In fact, these two 
types of tractors gave the poorest prediction capability dur-
ing the equation calibration. This could be addressed in fu-
ture work by a study dedicated to these particular machines, 
especially those with very high rated power. 
Finally, for illustrative purposes, the equation output was 
compared with results obtained from two other available 
methods (ASABE and LCA equations), and a much im-
proved prediction capability was obtained. In particular, a 
comparative analysis of lubricant costs with equation 6 and 
with ASABE Standard EP496.3, paragraph 6.3.3 (ASABE, 
2015b) indicated dramatic differences (from 1.5 to 9 times). 
This suggests the need for a possible update of the models in 
the ASABE standard. 
Based on the above findings, the equation presented in 
this article is proposed for use in technical and economic 
analyses for estimating the operating costs or the environ-
mental impact of tractor operations. 
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